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H I G H L I G H T S
• Humans exposed to fear stimuli have increased amplitude of the auditory-evoked potentials.
• Freezing is directly correlated to increases in the amplitude of auditory-evoked potentials.
• In anxious psychiatric patients bottom-up and top-down processes are conceivable to be impaired.
• The basolateral amygdala plays a role in the modulation of ascending auditory information.
• The central amygdala nuclei have no authority on the processing of auditory stimuli.Abbreviations: LA, low-anxiety; HA, high-anxiety; IC
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AmygdalaThe inferior colliculus (IC) is primarily involved in the processing of acoustic stimuli, including those emitted
by prey and predators. The role of the central nucleus of the IC (CIC) in fear and anxiety has been suggested
based on electrophysiological, behavioral and immunohistochemical studies. The reactivity of high-anxiety
rats (HA) to diverse challenges is different from low-anxiety ones (LA). In humans and laboratory animals,
pathological anxiety is often accompanied by heightened vigilance and alertness, hyperactivity of the amyg-
dala (AM), and increased amplitude of the auditory evoked potentials (AEP) from the IC. This study aims to
evaluate the inﬂuence of the inactivation of the central (CEA) and basolateral (BLA) nuclei of the amygdala,
after local infusions of the full GABAA agonist muscimol (1 nmol/0.2 μl), on the AEP elicited in the CIC of rats
tested under a learned fear state. Our results showed that both BLA and CEA inactivation change the expres-
sion of conditioned fear, in a paradigm using the context as the conditioned stimulus (CS). These changes are
correlated to the innate anxiety levels of the animals. It is supposed that this shortcoming is in addition to the
imbalance between the regulatory role of the top-down and bottom-up processes in the control of anxiety.
© 2013 Elsevier Inc. All rights reserved.1. Introduction
The inferior colliculus (IC) lies on a crucial position in the primary
auditory pathway [1]. The IC integrates input from brainstem nuclei,
relaying information to the auditory thalamus and to nuclei at the sen-
sorimotor interface, and creating selectiveness for various dimensions
of relevant sounds [2]. This means that the IC modulates distinctly a
broad range of affective auditory signals as, for example, the 22-kHz, inferior colliculus; CIC, central
tentials; GABA, γ-aminobutyric
la complex; CEA, central nucle-
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rights reserved.alarm calls [3]. The role of the central nucleus of the IC (CIC) in fear
and anxiety has been suggested based on electrophysiological, behav-
ioral and immunohistochemical studies. Electrical stimulation of the
CIC induces defensive responses thatmimic the fearful behavior elicited
by environmental cues [4–6]. Moreover, rats are able to engage in tasks
that decrease the aversiveness of CIC stimulation, exhibit increased CIC
auditory-evoked potentials (AEP) in the presence of conditioned fear
stimuli, and increased CIC Fos-immunolabeling when exposed to di-
verse emotional stressors [5–12].
Anxiety can be classiﬁed as a state (a “normal” pattern of response
elicited in response to anxiety-provoking stimuli) or trait anxiety
(a pathological condition in which the individual presents an innate
predisposition to respond to innocuous stimuli or anxiety-evoking sit-
uations) [13–15]. In rodents, it was shown that the reactivity of high-
anxious rats (HA) is different from low-anxious ones (LA) [16–18].
This variation could be due to innate physiological differences these
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modulates the expression of anxiety and fear-related behaviors as,
for example, the amygdala. The amygdala is activated whenever the
subject is faced with unconditioned and conditioned anxiety or fear-
provoking stimuli, and this is not only in patients with anxiety dis-
orders, but also in normal subjects [19]. In this context, it is well
established that the “malfunctioning” of amygdala has been related
to the generalized anxiety disorder [20,21].
Pathological fear and anxiety states are often accompanied by
overt heightened vigilance and alertness [10], hyperactivity of the
amygdala (AM) and the medial prefrontal cortex (mPFC) [22,23],
and larger evoked potentials from the IC [10,24].
Taking into account the information above, the present study is a
further attempt to looking at the amygdala as a probable regulator
of the auditory evoked potentials (AEP) generated at the IC, the phys-
iological component of the learned fear response.
Thus, this study aims to evaluate the inﬂuence of the central (CEA)
and basolateral (BLA) nuclei of the amygdala on the AEP elicited in
the CIC of rats tested under a conditioned fear-eliciting paradigm.
BLA and CEA inactivationwas accomplished through the local infusion
of the full GABAA agonist muscimol (1 nmol/0.2 μl). Conditioned aver-
sive stimuli were provided by a contextual fear-conditioning para-
digm in which foot-shocks were used as unconditioned stimuli (US).
Based on our previous assumptions, my hypothesis is that the chemi-
cal inactivation of BLA and CEA would change the physiological and
behavioral components of conditioned fear, as revealed by recording
the AEP and freezing behavior, respectively. It is supposed that this
change could be dependent upon the levels of anxiety the animals
present. In this context, in a previous study [31] it was showed that
AEP magnitudes signiﬁcantly correlated with the time spent in the
open arms by HA and HA rats subjected to the EPM.
2. Materials and methods
2.1. Animals
Male Wistar rats (campus of Ribeirão Preto, University of São
Paulo) weighing 250 ± 20 g at surgery were used in these experi-
ments. The animals were given three days to habituate to the housing
conditions in the Laboratory of Neuropsychopharmacology. They
were maintained on a 12 h light/dark cycle. Food and water were
available ad libitum. The experiments were performed in compliance
with the recommendations of the Brazilian Society for Neuroscience
and Behavior, which are in accordancewith the U.S. National Institutes
of Health Guide for the Care and Use of Laboratory Animals. The num-
ber of animals used was the minimum required to ensure reliability of
the results. Foot-shocks were applied in a current intensity of 0.4 mA,
enough to be stressful but not to cause pain, as an effort to minimize
the animal suffering.
2.2. Selection of low- (LA) and high- (HA) anxiety animals
The rats were separated as LA or HA according to their propensity
to display high or low avoidance of the open arms in the EPM
[15,25–27]. The EPM was constructed from dark plywood and had
two open arms (50 × 10 cm), perpendicular to two closed arms of
equal dimensions and surrounded by 40 cm high walls. The appara-
tus was elevated 50 cm from the ﬂoor [15,25–29]. A 1 cm wooden
rim surrounded the open arms to prevent falls from the maze. The
apparatus was located inside a room with constant background
noise (50 dB). Behavior in the EPM was recorded by a video camera
(Everfocus, Duarte, CA, USA) linked to a monitor. This device, located
outside the experimental room, allowed the recordings to be ana-
lyzed later. Luminosity at the level of the open arms of the maze
was 60 lx. Experimental sessions were conducted between 10:00 h
and 18:00 h. Rats were placed individually in the center of the mazefacing a closed arm and allowed 5 min of free exploration of the
maze. An observer trained to measure conventional EPM parameters
subsequently scored the videotapes. The behavioral categories were
scored using Noldus software (Amsterdam, The Netherlands), which
allowed the measurements of the number of entries into, and time
spent onto both the open and closed arms of the maze. An arm
entry or exit was deﬁned as all four paws entering or exiting an
arm, respectively. These data were used to calculate the percentage
of open arm entries and percentage of time spent in the open arms.
Each animal was tested once, and the measure of open arm time
was used to assign animals to the HA and LA groups. The animals
were ranked by their time spent on the open arms of the EPM in
such a way that animals belonging to the 25% of the extremities,
above or below the medians, were selected as rats with either LA or
HA levels, respectively. The 50% of the animals that reached the 25%
immediately above or below the median were discarded to be used
in other studies. The apparatus was cleaned with 20% ethanol and
water before each test. After exposure to the EPM, the animals were
allocated to one of the two groups (HA or LA) and maintained in
this condition throughout the experiments.
2.3. Surgery
Twenty-four hours after the EPM experiments, the animals were
anesthetizedwith a 0.1 ml ketamine hydrochloride + 0.1 ml xylazine
mixture (90/10 mg/kg), and mounted in a digital stereotaxic frame
(Insight, São Paulo, Brazil). In order to access the AEP a cannula
made from a stainless steel needle (24 gauges, 14 mm length) was
implanted into the central nucleus of the left IC; regarding this point,
results obtained in a previous study from our laboratory pointed out
for the absence of hemispheric differences on the auditory evoked
potential elicited by auditory stimuli, no matter the side of the stimu-
lation [9]. Additionally, the same animal received a second cannula;
this time oriented to the CEA or BLA. The upper incisor bar was set
2.5 mm below the interaural line, such that the skull was horizontal
between bregma and lambda. For the CIC, the cannula was introduced
vertically using the following coordinates, with bregma serving as
the reference for each plane: anterior/posterior: −8.5 mm; medial/
lateral: 1.5 mm; and dorsal/ventral: −4.0 mm. For the cannula in-
serted into the amygdala the coordinates used were: CEA—anterior/
posterior −2.28 mm, medial/lateral ±4.2 mm, dorsal/ventral
−8.2 mm; and BLA—anterior/posterior−2.28 mm, medial/lateral
±5.00 mm, dorsal/ventral −8.6 mm [30]. Cannulae were ﬁxed to
the skull by acrylic resin and three stainless steel screws. At the
end of surgery, each animal received an intramuscular injection
of a veterinary pentabiotic (120,000 UI, 0.2 ml) followed by an in-
jection of the anti-inﬂammatory and analgesic drug Banamine
(ﬂunixin meglumine, 2.5 mg/kg). Afterward, each guide cannula
was sealed with a stainless steel wire to protect it from blockage.
2.4. Drugs
CEA and BLA inactivation was conducted after a 5 day-period of
recovery from surgery. Drug used was the selective GABAA agonist
muscimol (1 nmol/0.2 μl; Sigma, St. Louis, MO, USA) dissolved in
PBS shortly before intra-CEA or intra-BLA microinjections. The vehicle
was also used as a control solution. The wait time for test sessions
after drug injection was 15 min. The dose of muscimol used was
based on previous studies [9,12,31–33]. Each animal received only
one injection and was tested once.
2.5. Microinjection procedure
The animals were gently wrapped in a cloth and hand-held. A thin
dental needle (outside diameter, 0.3 mm) was introduced through
the guide cannula until its lower end was 3 mm below its tip. The
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Paulo, Brazil) by polyethylene-10 tubing. A volume of 0.2 μl of PBS or
muscimol was injected over 60 s. The displacement of an air bubble
inside the polyethylene tubing was used to monitor themicroinjection.
2.6. Measuring auditory-evoked potentials (AEP)
Brainstem AEP are very small electrical voltage potentials that are
recorded from electrodes in response to a repetitive stimulus along a
speciﬁc brainstem auditory pathway. These potentials reﬂect neuro-
nal activity in the auditory complex, mainly in the cochlear nucleus,
superior olive, and IC [34]. Previous studies have shown that AEP
generated in the CIC are sensitive to aversive manipulations [9–11].
In addition, some of the electrophysiological brainstem abnormalities
observed in anxiety disorders can be replicated in healthy control
subjects by inducing a transient state of anxiety [10]. The stimulus
presentation was produced and controlled by a biological data-
acquisition system (Sysdin, Lynx, São Paulo, Brazil). The average
value was obtained at the end of the sessions. AEP were recorded
after each of the 100 auditory stimuli as the voltage difference be-
tween the tip of an insulated wire (150 μm), inserted through the
cannula, and the tip of the guide-cannula itself implanted into the
CIC. This voltage difference was fed into an ampliﬁer (Lynx, TX001,
bandwidth set to 20–200 Hz) through two noiseless shielded cables
(passed through a hole in the roof of the Faraday cage). A previous
study from our laboratory indicated no hemispheric differences in
AEP recorded in the present scientiﬁc context [9]. The output of the
ampliﬁer was connected to one of the four channels on an analog/
digital converter (CAD 12/36) plugged into a microcomputer. Filter-
ing, ampliﬁcation, and digitalization of the signals were performed
with the Sysdin system (Lynx, São Paulo, Brazil). The potential sig-
nals were sampled at a rate of 0.33 kHz and ﬁltered (high-pass ﬁlter,
20 Hz; low-pass ﬁlter, 200 Hz). Sysdin software was programmed
to sum up individual AEP amplitudes. The data-acquisition sweep
began 10 ms before the onset of the sound stimulus (latency to switch
on the sound plus sound propagation) and continued until 200 ms
after termination of the sound stimulus. During the recording, animals
weremonitored via a camera systemplaced in the experimental room.
N1 was identiﬁed visually as the ﬁrst negative wave and P1 was iden-
tiﬁed as the ﬁrst positive wave at about 15 ms after the sound presen-
tation. The positive peak P1 is considered an early component of the
collicular response. Its amplitude is measured peak to peak, with
peak latency between 5 and 8 msec [35,36]. The AEP elicited from
the CIC were recorded from the ventro-caudal portions of the nucleus.
This way of analysis is similar to that observed in previous studies of
our and other laboratories that used similar protocols [9,31,35–37].
Peak amplitudes were deﬁned as the maximum amplitude measured
between N1 and the end of P1, similar as other previous studies of
our laboratory [9,11,31]. This set of data was monitored on the com-
puter screen. The computer output was graphically displayed on an
XY plotter (Hewlett-Packard 1100, Palo Alto, CA, USA). AEP data
were stored on a computer hard disk and transferred to Microsoft
Excel (Microsoft Corp., Mountain View, CA, USA) tables for off-line
visualization and analysis.
2.7. Experimental box
An experimental cage (external dimensions: 19 × 9 × 9 cm; inter-
nal dimensions: 16 × 6 × 7 cm), located inside a Faraday insulated
system and surrounded by a ventilated plywood sound-attenuating
chamber (64 × 60 × 40 cm), was used. A 7.5 W red bulb at the top of
the testing box was switched on during the experimental sessions.
The ﬂoor of the cage consisted of six 3.0 mm diameter stainless steel
bars spaced 1.5 mm apart through which foot-shocks was delivered. A
loudspeaker, located 10 cm behind the cage, delivered continuous
backgroundnoise (55 dB sound pressure level). Acoustic stimuli (clicks,50 ms duration; 3000 Hz square-wave pulses), presented at a rate of
0.33 Hz (one each 3 s), were delivered via two piezoelectric speakers
(12 Ω, 200 W, LeSon, Brazil) mounted on the lateral walls of the
sound-insulating box, 15 cm from the wire-mesh cage. The acoustic
stimulus was a pure tone with 105 dB sound pressure level (SPL). Soft-
ware and an appropriate interface (Lynx, São Paulo, Brazil) controlled
the presentation and sequencing of the acoustic stimuli. Sound pressure
levels were measured at the level of the ears of the animals using a
0.125-inch microphone and a type 2636 measuring ampliﬁer DK-2580
(Bruel and Kjaer, Naerum, Denmark). The animals were restrained
inside the experimental cage that prevented their movement, except
for a small gap. In this condition, the head of the animals was direct-
ed to the center of sound stimulation (loudspeaker). They were un-
able to rotate or turn from one side to the other inside of the box.
The animals were habituated to this restriction in such a way that,
after some time, the aversive effects of the restriction ceased. In
this condition, a little variation in the azimuth of sound propagation
(5° left–right–top-down—the space animals have for head move-
ments) was likely to occur. This variation induced changes in the
sound intensity by approximately 2.5 dB. Thus, all the animals
were likely exposed to similar sound levels (92.5 to 95 dB). All cali-
bration procedures were conducted before the experiments to en-
sure equivalent sensitivities before each session.
2.8. Experimental procedure
In this experiment, it was used a contextual fear-conditioning par-
adigm. The inﬂuence of CEA and BLA inactivation on the contextual
fear was analyzed through the amplitude of AEP recorded from the
CIC of 104 rats that were previously selected for their low or high
emotional reactivity (LA or HA rats, respectively). AEP were taken
as a measure of neuronal CIC activity (the physiological component
of fear conditioning) and the concurrent freezing behavior as a mea-
sure of conditioned fear.
2.8.1. Fear conditioning paradigm
For the fear conditioning procedure, two different chambers were
used, named as context A and context B. The context A was the nor-
mal experimental box in which the AEP have been regularly recorded
in our laboratory, as described above. The context B had the same di-
mensions of the context A but differed on vision (ceiling and walls
were comprised by black-and-white stripes) and tactile cues (ﬂoor
of the experimental cage consisted of 12 3.0 mm diameter stainless
steel bars spaced 0.75 mm apart through which foot-shocks were
delivered).
2.8.2. Groups
After EPM exposure, LA (n = 52) and HA (n = 52) animals
were allocated into two additional groups, according to the amygdala
nucleus they were challenged (CEA, n = 26, or BLA, n = 26). Each
subgroup was subdivided in other three groups. Those that were con-
ditioned on context B and tested on context A, after an intra-CIC injec-
tion of PBS (n = 8); those that were conditioned on context B and
tested with PBS on context B (n = 9), and those that were condi-
tioned on context B and tested on the same context, after receiving
an intra-CIC injection of the GABAA agonist muscimol (n = 9).
2.8.3. Experimental protocol
2.8.3.1. Training. The animals were placed in the experimental cham-
ber B, and 5 min later received 10 foot-shocks (0.4 mA, 1 s duration),
with a mean variable intertrial interval of 3 min, which served as the
unconditioned stimulus in the pairings with a conditioned stimulus
provided by the context of the experimental chamber [67,68]. No
explicit conditioned stimulus (light or tone) was presented during
these sessions. The shocks were delivered through the training cage
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Instruments, Porto Alegre, Brazil). Stimulus presentations were con-
trolled by amicroprocessor and an input/output board (Insight Equip-
ment, Ribeirão Preto, Brazil). Each animal was removed 5 min after
the last foot-shock and was returned to its home cage. The training
session lasted for about 30 min.
2.8.3.2. Testing. Twenty-four hours after training sessions the animals
were placed in the context A or B, as described above. The testing ses-
sions were conducted, without presentation of foot-shocks and the
AEP and contextual freezing behavior were recorded. This contextual
fear paradigm has been routinely used in this laboratory (Santos et al.,
2006; Almada et al., 2009). In order to avoid the extreme inﬂuence of
signal-noise induced by neck muscles on the results obtained, as the
animals were tested awake, twenty four rats that achieved AEP am-
plitudes above 300 mV during baseline tests were discarded from
the experiments.
2.9. Contextual fear conditioning assessment
The measure used to assess fear-conditioning was the time rat
spent freezing when submitted to the context where they received
foot-shocks. Freezing was operationally deﬁned as the total absence
of any visible movement (including the vibrissae), except that re-
quired for respiration [38]. It was scored during testing sessions and
also subsequently from videotapes by an experienced observer.
2.10. Statistical analysis
Data from the EPM are expressed as mean ± SEM. The analysis of
main differences in EPM variables was conductedwith the t-test (data
not showed). Statistical analysis of the amplitude of the AEP and the
time spent in freezing behavior were performedwith a two-way anal-
ysis of variance (two-way ANOVA) with the anxiety levels (LA × HA)
as the factor 1 and the scheme of fear conditioning (conditioning
on context B and test on context A × conditioning on context B and
test on context B, after an intra-CIC PBSmicroinjection × conditioning
on context B and test context B, after a single intra-CIC muscimol mi-
croinjection) as the factor 2. Signiﬁcant differences in the ANOVA
(p b 0.05) were followed by the Newman–Keuls post-hoc test.
3. Results
3.1. Elevated plus maze
Student t-test conﬁrmed that the main distinction between the HA
and LA rats were primarily their anxiety-like behavior as HA and LA
animals did not present any signiﬁcant differences in general locomo-
tor activity (see Table 1).
Representative photomicrograph of cannula places on CEA, BLA
and CIC is depicted in Fig. 1 on diagrams modiﬁed from the Atlas of
Paxinos and Watson (2008). Fig. 2 illustrates the effects of BLATable 1
Main difference between two groups of rats segregated in function of their responsive-
ness to the open-arms of the elevated plus-maze. The data obtained were ranked and
divided in three parts. Rats belonging to the third distal part below the median were
named high-anxiety rats (HA). Rats that achieved the third distal part above the medi-
an were named low-anxiety rats (LA). Animals that performed around the median
were discarded from the experiment.
Elevated plus-maze (mean ± SEM)
Closed arm
entries
% Open time % Open entries
Low 7.93 ±0.23 24.75 ±0.66 44.30 ±1.16
High 8.16 ±0.24 9.89 ±0.40⁎ 23.96⁎ ±1.18
⁎ p b 0.05.inactivation, through the local microinjection of the GABAA agonist
muscimol, on meantime of freezing behavior (top) and the amplitude
of the AEP (bottom) elicited in the CIC of LA andHA animals during the
test sessions of the contextual fear conditioning procedure. For freez-
ing behavior, two-way ANOVA revealed a signiﬁcant difference on the
factor anxiety level (F1,46 = 91.04, p b 0.001), on the factor scheme
of fear conditioning (F2,46 = 74.71, p b 0.001) and also signiﬁcant
interaction between the two factors (F2,46 = 15.51, p b 0.001).
Concerning the AEP variable, ANOVA showed signiﬁcant difference
on factor anxiety (LA × HA: F1,46 = 63.44, p b 0.001) and on factor
conditioning (F2,46 = 9.83, p b 0.0 01). Besides, signiﬁcant interaction
between factors was achieved (F2,46 = 8.12, p b 0.0 01). Post-hoc
comparisons showed that HA rats originally had higher AEP amplitude
than the control LA rats. This was accompanied by increased (despite
not signiﬁcant) time spent freezing. When tested in the same context
theywere conditioned, a signiﬁcant increase in AEP and a concomitant
increase in freezing behavior were observed in both groups; showing
the effect of contextual fear conditioning. This increase was signiﬁ-
cantly more pronounced in the HA animals. A previous inactivation
of BLA, following the local microinjection of muscimol, does not have
any effect on freezing behavior in HA rats but increases even more
their amplitudes of AEP. On the other hand, the drug blocked the ex-
pression of fear conditioning in LA rats, as revealed by the signiﬁcant
decrease in the time spent freezing, and on the AEP in these animals.
The effects of the CEA inactivation can be observe in Fig. 3 , follow-
ing the local microinjection of the GABAA muscimol on average of
freezing response (top) and the amplitude of the AEP (bottom) elicit-
ed in the CIC of LA and HA tested under a fear conditioning procedure.
With regard to the freezing response, two-way ANOVA showed signif-
icant difference on anxiety levels (LA × HA: F1,46 = 47.04, p b 0.001)
and on the scheme of fear conditioning (F2,46 = 127.10, p b 0.001).
Signiﬁcant interactions between the factors were noted (F2,46 =
4.87, p b 0.001). For the AEP variable two-way ANOVA showed signif-
icant differences on factors anxiety and conditioning (F1,46 = 25.92,
p b 0.0001; F2,46 = 13.95, p b 0.0 01, respectively), but no signiﬁ-
cant interaction between factors (F2,46 = 0.05, p > 0.05). Post-hoc
Newman–Keuls revealed that both LA and HA rats became fear condi-
tioned. This effect was more intense in HA rats. Previous CEA inactiva-
tion with muscimol decreases proportionally the intensity of fear
conditioning in both groups of animals. Post-hoc test also showed
that LA and HA rats have increased AEP amplitude when exposed to
contextual fear. This effect was not affected by muscimol. In fact, the
drug was ineffective in changing this measure in both LA and HA
animals.
4. Discussion
Although it is well recognized that the amygdala, the core struc-
ture in the regulation of emotional behavior, has profound inﬂuence
on other brain regions involved with the expression of conditioned
fear [39–42], it is tempting to examine to what extent the amygdala
participates in the regulation of the auditory information that ﬂows
through the auditory system in rats experiencing learned fear, mainly
in the IC. This was due to the main role of IC neurons in performing
the complex sound analysis, particularly of sounds that have clear
survival value, as those emitted by prey and predators [1]. As a matter
of fact, in humans, exposure to threatening condition increases the
amplitude of wave V of the brainstem AEP, [10], which reﬂects the
activity of the IC. It is likely that, in both cases, this activation is medi-
ated by the amygdala. Importantly, in a previous study from our lab-
oratory, it was showed that LA and HA animals differentially process
aversive acoustic signals [31].
In the present study, I used innocuous auditory stimuli (clicks) to re-
cord AEP in LA and HA rats submitted to contextual fear-conditioning
procedure inwhich foot-shocks were used as the unconditioned stimu-
lus. The inﬂuence of CEA or BLA inactivation on fear-conditioning was
Fig. 1. Black circles represent the sites of drug injections into the BLA and AEP recordings from CIC, and gray circles represent the sites of drug injections into the CEA and AEP
recordings from CIC, according to the coordinates of the atlas of Paxinos and Watson (2008). Main areas of interest: CIC—central nucleus of the inferior colliculus; DCIC—dorsal
cortex of the inferior colliculus; ECIC—external cortex of the inferior colliculus; CeC—central amygdaloid nucleus, capsular part; CeL—central amygdaloid nucleus, lateral part;
CeM—central amygdaloid nucleus, medial division; BLA—basolateral amygdaloid nucleus, anterior part; BLV—basolateral amygdaloid nucleus, ventral part; BMA—basomedial
amygdaloid nucleus, anterior part; BLP—basolateral amygdaloid nucleus, posterior part; BMP—basomedial amygdaloid nucleus, posterior part.
84 M.J. Nobre / Physiology & Behavior 118 (2013) 80–87
Fig. 2. Mean (±SEM) effects of the global BLA inactivation (muscimol—MUS) on the
conditioned freezing response (top) and the amplitude of AEP (bottom) recorded in
the CIC of LA and HA rats submitted to contextual fear procedure. Three groups were
formed for each LA or HA animals: those that were conditioned on context B and tested
on context A, after an intra-BLA injection of PBS (left); those that were conditioned on
context B and tested with PBS on context B (center), and those that were feared on con-
text B and tested on the same context, after receiving an intra-BLA injection of MUS
(right). * signiﬁcant difference between LA × HA animals within each scheme of condi-
tioning (Cond CB × Test CA, Cond CB × Test CB and Cond CB × Test MUS CB). # signif-
icant effects of PBS (Cond CB × Test CB) or MUS (Cond CB × Test MUS CB) on the
contextual conditioned fear response, when compared with the control group (Cond
CB × Test CA). Two-way ANOVA followed by Newman–Keuls post-hoc test. p b 0.05.
Fig. 3. Mean (±SEM) effects of the global CEA inactivation with muscimol (MUS) on the
contextual conditioned freezing response (top) and the amplitude of AEP (bottom)
recorded in the CIC of LA and HA rats submitted to contextual fear procedure. Three
groups were formed for each LA or HA animals: those that were conditioned on con-
text B and tested on context A, after an intra-CEA injection of PBS (left); those that
were conditioned on context B and tested with PBS on context B (center), and
those that were feared on context B and tested on the same context, after receiving
an intra-CEA injection of MUS (right). * signiﬁcant difference between LA × HA ani-
mals within each scheme of conditioning (Cond CB × Test CA, Cond CB × Test CB
and Cond CB × Test MUS CB). # signiﬁcant effects of PBS (Cond CB × Test CB) or
MUS (Cond CB × Test MUS CB) on the contextual conditioned fear response, when
compared with the control group (Cond CB × Test CA). Two-way ANOVA followed
by Newman–Keuls post-hoc test. p b 0.05.
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freezing behavior, as a behavioral measure of fear, and the AEP ampli-
tude evoked in the CIC, as the physiological component of contextual
fear. Our data showed that the animals became conditioned to the neg-
ative affective properties of the context, as revealed by increases in their
rates of time spent in freezing behavior. This was accompanied by a
concomitant increase in the amplitude of AEP, an effect dependent
upon the anxiety level the animals presented. Regarding this point, it
is worthmentioning that increased freezing associated with lower sen-
sory detection thresholds characterize a certain type of anxiety not just
driven by reactive demands, but also, and mainly, by anticipation [17].
Thismeans that, whereas “normal” rats achieve increased anxiety levels
when, and whether, confronted with stressful stimuli, HA rats showed
this pattern of behavior even under basal condition. This “trait-like”
anxiety in HA rats has been shown to be linked with increasedmemory
performance to certain type of stimuli that originally lacks emotionalinformation [43]. Importantly, as already described above, in our
study the behavioralmeasure of fear (time spent in contextual freezing)
was directly correlated to increases in the amplitude of AEP, which I
assume to be the physiological component of fear behavior.
The instinctive reactions when the individual is facing conditioned
stimuli are supposed to be the reﬂex of the orchestrated functioning
between the bottom-up and top-down processes in such a way that,
in psychiatric patients, the interaction between them is conceivable
to be impaired [44]. It is likely that parts of these processes are com-
posed by intrinsic mPFC-amygdala (the cognitive component), and
amygdala–hypothalamus–brainstem connections (the motor output).
In “normal” condition, the reduction or inhibition of fear-conditioning
(CS–US associations) is possible by top-down regulatory inputs
from mPFC to the BLA [45]. It is likely that this process overrides the
bottom-up fear expression resulted from hypothalamus–brainstem
activation, what could account for the data obtained in our study
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conditioning which is related to increased bottom-up processes func-
tioning, associated with poor top-down control over the fear behavior
generated at the brainstem level. Another explanation for themismatch
obtained between LA and HA rats could be based on cognitive impair-
ments that result from the inappropriate emotional response to envi-
ronmental demands that the HA rats have shown [46]. In addition,
whether the performance of LA and HA rats on contextual fear was
due to facilitation or resistance to extinction along the trial, respectively,
is a matter of debate. However, it seems plausible since the impaired
extinction of acquired fear is a core symptom of anxiety disorders
[47–49] andwhen tested on extinction phase, HA rats showed amarked
deﬁcit in the attenuation of freezing response comparing with their
LA counterparts, which showed rapid extinction.
Based on the previous assumptions the question arises whether
the increased attention to auditory aversive signals can be initiated
at the CIC and how profound, if so, the BLA and CEA can inﬂuence
these responses in rats previously selected by their innate anxiety
levels. In the present study, I have tried to shed light in some of
these processes.
It has been suggested that the production of unconditioned and
conditioned responses in rats facing aversive stimuli of auditory na-
ture involves the transmission of the signal through the IC to the me-
dial geniculate body and, from there, to the amygdala [20,50–52].
Concerning the amygdala itself, in general, treatments that increase
its excitability (for example, decreasing GABA transmission) elicit
an unconditioned aversive state and improve aversive conditioning.
On the other hand, treatments that decrease excitability promote
anxiolytic-like effects and retard aversive conditioning [20]. The
study of Maisonnette et al. [53] showed the electrolytic lesion of the
BLA caused a reduction on the aversive thresholds of the CIC electrical
stimulation. Similar effects were found in our study after BLA inactiva-
tion but only in HA rats. In these animals, the inactivation of the BLA
was ineffective in blocking the expression of freezing behavior, and
even sensitized the ascendant auditory pathway, increasing the pro-
cessing of the ascending information through the CIC, as revealed by
the increased amplitude of AEP recorded in the CIC, a physiological
measure of fear. However, the behavior of HA animals was quite dif-
ferent from the LA ones in that BLA inactivation in the latter impaired
contextual freezing behavior and decrease the subjacent physiologic
measure of fear, named the AEP, recorded in the CIC. This difference
suggests a distinct modulatory role of the BLA in the processing of
auditory aversive information [54]. Moreover, similar to our study,
intra-BLA injections of muscimol promoted an anxiogenic-like effect
in rats tested on the elevated plus-maze [55]. Importantly, there is
indeed evidence postulating a hypersensitive amygdala and a con-
current hyposensitive prefrontal cortex underlying the emotional
response of HA mice [56]. These data suggest that animals more vul-
nerable to stressors may have innate deﬁcits in the neural systems
which control the ability of the BLA to modulate stress coping [57].
Information from all sensory modalities reaches the amygdala via
cortical and subcortical pathways that converge to the BLA complex,
mainly to its lateral part [58–60]. The major intra-amygdaloid target
of the BLA is the CEA, which is critical for the production of autonomic
and somatic responses produced by stimuli that were previously
paired with aversive events [50,58,61]. This happens mainly through
the excitatory inﬂuence of CEA on several brainstem structures, most
of them belonging to the brain aversion system as the hypothalamus
and periaqueductal gray [58]. In the second part of our study, I exam-
ined the effects of the inactivation of CEA, after local infusions of
muscimol, on the amplitude of AEP elicited in the CIC of LA and HA
rats expressing contextual freezing. Data collected showed that CEA
inactivation decreased in the same proportion the contextual fear in
LA and HA rats but did not change the AEP amplitude. The effects on
freezing are consistent with previous studies that pointed out the
role of CEA on the mediation of fear and anxiety-related responses[20,62]. The absence of effects of CEA inactivation on AEP recorded
on CIC indicates that this amygdaloid nucleus has no authority on
the auditory aversive information processed at this midbrain level.
In fact, in bats, it was described the existence of a direct projection
from the BLA (but not CEA) that is distributed throughout the IC, in-
cluding its central nucleus [2]. With regard to freezing behavior, Mar-
tinez et al. [63] showed that the inactivation of the lateral, BLA, and
CEA with muscimol caused an attenuation of contextual freezing
behavior. These ﬁndings are in line with the proposed involvement
of these amygdaloid nuclei with learned fear. In fact, the lateral amyg-
dala nucleus serves as the interface with sensory systems that trans-
mit the conditioned stimulus from BLA to the CEA. The CEA in turn
functions as the link of the amygdala with brainstem motor regions
that control conditioned fear responses [64,65]. On the other hand,
muscimol attenuates the anxiety-like behavior induced by plus-
maze exposure, when injected into the CEA, an effect not observed
after BLA injections [55,66]. Finally, lesions of the CEA disrupt fear con-
ditioning dampening themotor output through themotor component
of learned fear that controls the expression of freezing [65]. This data
corroborates our ﬁndings in which injections of muscimol right into
CEA, that inactivated neurons in this brain region, impaired the ex-
pression of contextual freezing behavior.
5. Conclusions
In a previous study from our laboratory [54] it was hypothesized
that the retrograde inhibitory control exerted by BLA that mediates
stress, and the neural substrates of fear located at the brainstem level
may apply only to unconditioned fear rather than conditioned fear.
The present data added new information on this matter since both
BLA and CEA inactivation change the expression of conditioned fear,
in a paradigm using the context as the CS, which is quite dependent of
the innate anxiety levels of the animals. Furthermore, the present report
corroborates the hypothesis that individuals most vulnerable to stress,
such as HA animals, may have innate deﬁcits in neural systems that
control the ability to modulate stress coping [57]. It is supposed that
this gap leads to an imbalance between the homeostatic regulatory
role between the top-down and bottom-up processes on the control
of anxiety.
In addition, the present report corroborates the hypothesis that
animals that are more vulnerable to stressors, as the HA ones, may
have innate deﬁcits in the neural systems that control the ability of
the BLA to modulate stress coping [57]. It is supposed that this short-
coming is in addition to the imbalance between the regulatory role of
the top-down and bottom-up processes in the control of anxiety.
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